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ABSTRACT OF THE THESIS
The Effect of Mandibular Distraction Osteogenesis 
On Condylar Rotation in Rabbits
by
Shelton Hsu
Master of Science, Graduate Program in Orthodontics and Dentofacial Orthopedics 
Loma Linda University, December 2002 
Dr. Joseph M. Caruso, Chairman
Distraction osteogenesis (DO) is the gradual lengthening of a healing bone. This
surgical technique can be applied to the jawbone to correct an asymmetry or deficiency of
the mandible. DO has been added to the list of treatment options for patients with
craniofacial anomalies or excessive dental crowding.
Although mandibular distraction osteogenesis has been successfully performed in
many patients, the comprehensive effects on the TMJ are not fully understood. The
purpose of this study is to compare the amount of rotational and positional change that
occurs at the condyles when the rabbit mandible is widened at the midline and
paramedian locations.
Rabbits have been used as an appropriate model for studying mandibular DO and
TMJ disorders. The study included 16 rabbits: 9 midline DO, 6 paramedian DO, and 1
control. Corticotomies were performed at the designated sites and jackscrew expanders
were fixated to the bony segments. After a brief latency, the expansion devices were
activated Imm/day. Expansion continued for 10 days to a maximum of 10 mm. The
rabbits had submentovertex radiographs taken at each activation interval. The films were
traced, measured and compared for changes in mandibular rotation. The rabbits also
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underwent a NewTom CT scan that rendered 2-D and 3-D images of the rabbit skull and
condyles. CT reconstructions were analyzed for changes in joint space and intercondylar
distance.
Results showed that there was a predictable and consistent amount of condylar
rotation associated with each millimeter of mandibular midline distraction. With
paramedian distraction, the unexpanded side of the mandible also showed a regular
increase in condylar rotation. However, the condyle on the expanded side of paramedian
distraction underwent irregular rotations. The paramedian DO of the mandible produced





The gradual lengthening of bone by distraction osteogenesis (DO) was first 
described by Codivilla in 1905.1 The orthopedic surgical technique was pioneered and 
popularized by Ilizarov and has been used successfully to treat numerous disorders of 
long bones.2 In 1973, Snyder et al completed a study that evaluated the effects of DO in 
the mandible.3 In the study, canine mandibles were shortened, allowed to heal, and then 
returned to the original length by a variation of the Ilizarov technique. The study
concluded that mandibles could be lengthened and stabilized.
In a histological and anthropometric analysis, Karp confirmed that new cortical 
bone had formed in the expanded areas of the mandible.4 He found that the bone gap was
initially filled with a fibrous clot. Collagen fibers would then form parallel to the vector
of distraction force. Direct ossification could be observed at 14-days. New bone spicules
formed toward the corticotomy site. Complete ossification was noted at 28-days with
progressive remodeling toward normal trabecular bone.
Distraction osteogenesis has been applied to resolve the deficiencies in the
mandibular skeletal dimension. Irregularities in the mandibular proportions present a
number of functional and aesthetic problems. They may be manifested as congenital
syndromes (Pierre Robin, Treacher Collins, hemifacial microsomia), 
discrepancies may also result in narrow tapered arch form and dental crowding.5
Traditionally, a transverse mandibular discrepancy was treated by extractions,
Skeletal
orthodontic mechanics and dental compensations. The expansion and tipping of teeth
1
with the bending of alveolar bone resulted in unstable results. Proffit and Ackerman
reported a high risk of dental relapse in the expansion of intercanine width over a primary 
transverse bone deficiency.6 Other complications in both arches have been reported
including, tipping of teeth, translation of teeth laterally through the cortical bone, and the 
creation of periodontal or osseous defects.7’8 Little found that using only orthodontic
treatment to achieve transverse expansion in the mandible was usually met with failure. 
The dental arch typically returned to its pretreatment size or less.9
Mandibular Symphyseal Distraction Osteogenesis
Distraction osteogenesis of the mandibular symphysis (midline) offers an 
alternative to extraction, stripping and orthodontic dental compensations of teeth. 10 In
1990, Guerrero pioneered the use of mandibular symphyseal distraction osteogenesis 
with tooth supported expansion devices.11 The technique involved gradual
osteodistraction following a vertical interdental symphyseal osteotomy. Ten patients
with significant dental crowding were treated with non-extraction decompensating
orthodontics after the DO procedure. A 7-day latency period after the osteotomy was
observed which was then followed by 1 mm activations once .per day until the desired
amount of expansion was achieved. The patients were then stabilized for 30-60 days.
Radiographically, new bone was evident in the symphyseal gap.
Weil et al says that the principles of successful DO treatment include low impact
corticotomy/osteotomy, preservation of the periosteal blood supply, and proper latency, 
rhythm, and rate of activation.12 Furthermore, they suggest that a minimum of 3 to 5 mm
of space be allowed between the root apices of teeth at the site of osteotomy to minimize
threat to tooth vitality. Bell found that maintaining alveolar bone on either side of the
2
osteotomy is “critically important to the ultimate regeneration of the interdental region”
and that radiographic evidence of new bone formation was evident at the end to the 
distraction period (2-3 weeks after osteotomy).4
Kewitt presented long term results of mandibular midline DO on 15 patients and
found that none of the symptoms in the temporomandibular joints worsened
postoperatively and no periodontal bone loss or soft tissue recession was evident. There
were isolated instances of Class II mobility of a mandibular central incisor, widening of
• 1 ^the periodontal ligament adjacent to the osteotomy site, and mental nerve paresthesia.
Mandibular widening and lengthening by distraction osteogenesis has been
demonstrated in a number of animal models. In a study on baboons, Walters showed
normal cortical and cancellous bone matrix filling in the mandibular symphysis following 
gradual distraction.14 In a dog study, Hollis used a tooth bom distraction device to widen
the mandible 10 mm by DO. Histological evaluation showed that woven bone formed in
the distraction gap but that a tooth-bom mandibular widening devices caused 
significantly more tooth movement than bone separation.15
In a study involved the lengthening of dog mandibles by DO, Cope and
Samchukov found that mineralization began at the host margins by the end of the
distraction period. They observed a progressive decrease in the amount of fibrous tissue
with simultaneous increase in trabecular bone. Cope and Samchukov have also classified
the mineralizing regenerate based on length, width, density and presence of an interzone.
They found that an important factor in the stability of bone regenerate is the presence of
an interzone. The width of the regenerate relative to the width of the host bone segments 
is also an indicator of stability.16
3
Manipulation of the mandibular dimension can result in changes in condylar
position within the TMJ complex. Mandibular midline distraction osteogenesis can cause
the rotation of the mandibular condyle on the vertical axis. This in turn causes reactive
and adaptive changes in the condylar head and glenoid fosse. Harper performed a
histological study on Macaca mulatta monkeys and found that there were histological
17changes in the fibrous layer, cartilaginous layer and cartilage/bone interface.
Histological changes were site specific to the areas where condylar rotation caused
compression of the condylar head against the fossa. Specifically, changes were seen in
the lateral third of the posterior condylar surface, due to the posterolateral surface of the
condyle articulating with the posterior glenoid spine of the fossa. The middle/medial
thirds where the anteromedial condyle contacted the posteromedial surface of the
articular eminence also showed histological changes. The changes were minor and
limited but the study noted that the potential for degenerative changes must be monitored.
Harper went on to say that the slow application of force over a long period of time would
facilitate a more physiologically adaptive response allowing the system to achieve
structural and functional equilibrium. Harper asserts that rthe rate and rhythm of
distraction is more important than the magnitude for allowing physiological adaptation to
occur. Likewise, Nakamura showed that degeneration of the articular cartilage could be
controlled by the decreasing magnitude of distraction while increasing the frequency of 
turns.18
Mandibular Body Distraction Osteogenesis
When examining the effect of unilateral lengthening of the mandible on the
temporomandibular joint, McCormick et al found no radiographic evidence of gross
4
condylar deformation or bodily movement in either of the TMJs.19 In a separate clinical 
study of patients with craniofacial anomalies, they found that in unilateral expanded
mandibles, the ipsilateral condyle realized increased size and volume and assumed a
more vertical axis. In bilateral lengthening, both condyles realized an increase in size,
volume, uprighting and symmetry. They concluded that DO effects bone in both local 
and distant sites.
In-a computer simulation of the human mandible, Samchukov showed that the
orientation of distractors relative to the axis of bone translation is of paramount 
importance.21 The study demonstrated that distractors positioned parallel to the body of 
the mandible caused lateral displacement of the posterior components and a reduction of
the midline distraction gap during mandibular lengthening. Condylar rotation was
projected at 0.34° per millimeter of midline expansion.
Location of Osteotomy
Selection of the osteotomy site depends on a number of factors. Whether the
mandibular deficiency is to be treated by lengthening or widening, the actual osteotomy
site must have adequate interdental bone between adjacent roots. Furthermore, there
must be acceptable root length, form and position. If the most ideal osteotomy site (e.g.
midline) does not fulfill these requirements, alternate locations may be considered.
Guerrero stated that the symphyseal osteotomy does not have to be made between the
central incisors. If necessary, it can be made between the central and lateral, or lateral
and canine teeth. The vertical osteotomy should be placed between any two of the four
mandibular incisors to achieve bilateral expansion. For unilateral expansion, the vertical 
osteotomy should be made between the cuspid and the ipsilateral lower lateral incisor.11
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Mandibular DO in Rabbits
In 1994, Califano et al performed mandibular lengthening on rabbits by 
distraction osteogenesis.22 They found morphologic, radiographic, scintigraphic and 
histologic evidence of new bone formation as a result of gradual distraction of the
Stewart et al performed a study involving mandibular distraction rates on 
rabbits.20- They compared the distraction rates of 0.5 mm twice a day versus 1.5 mm 
twice a day. Both experimental groups were lengthened a total of 15 mm. They found
mandible.
that there was no difference in the new bone formation between the two distraction rates.
However, the bone density and mechanical testing of both the distraction groups was
significantly inferior to the sham operated controls. Histological examination showed
that there was a greater incidence of non-union in the rapidly distracted group.
Ueki et al. examined the morphologic change in the rabbit following a unilateral
shortening for the mandible by osteotomy and the resultant rotation of the body of the 
mandible.23 The sudden skeletal change of the unilateral osteotomy and shortening
caused arthritic tissue reactions in the contra-lateral condyle. Although there was
hypertrophic enlargement of the contra-lateral condyle, time dependent tissue adaptation
resulted in a stable condition after the osteotomy.
Rabbit TMJ Studies
The rabbit temporomandibular joint has been used in studies as a model for the
study of temporomandibular disorders in humans. Imai et al used unilateral traction in 
the posterior-superior direction.24 The rabbit TMJs showed anterior disc displacement,
disc deformity, resorption of the subchondral bone and osteophyte formation in the
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drawing side of the experimental group. They also found intra-articular fibrous
adhesions bilaterally. Ali and Sharawy showed that surgically induced anterior disk
displacement in rabbits leads to cellular and extracellular alterations in the disk proper, 
bilaminar zone, condyle, articular eminence and synovial membrane^ These changes
are similar to the changes that are described in humans with anterior disk displacements.
Legrell and Isberg induced a unilateral non-reducing disk displacement in growing
rabbits and found that the mandible was consistently shorter on the disk displacement 
side resulting in an ipsilateral midline shift.26 They concluded that displacement of the
TMJ during the growth period could cause mandibular length afld midline asymmetry in
growing rabbits. In another study, Legrell et al sought to reveal whether the shortened
mandibular ramus of rabbits with induced TMJ displacements was due to primary
influences on the condylar growth or secondary loss of condlyar mass by degenerative 
tissue breakdown.27 Their macroscopic and histologic examination showed that all
condyles were without signs of degenerative changes. It was concluded that TMJ disk
displacement in a growing rabbit could result in reduction of mandibular height and
length by adversely affecting condylar growth. Narinobou et al found that posterolateral
disk perforation resulted in an initial hypertrophy of the condylar cartilage, followed by
degeneration of the condylar surface. Osteoarthritic cartilage was found at 24 weeks after
?o





All procedures in this study were reviewed and approved by the Loma Linda
University Animal Research Committee. The study included sixteen male New Zealand
White rabbits (Oryctolagus cuniculus), weighing between 3.5 kilograms to 4.5 kilograms.
The animals were housed at the Loma Linda University Animal Care Facility under
veterinary supervision.
Upon arrival at the animal care facility, the animals were quarantined and allowed
to acclimate for seven days at the Animal Care Facility. The rabbits were housed
individually in steel cages, which had slotted floors to allow proper drainage and manure
removal. The cages were cleaned and disinfected 1-2 times per week. Room temperature
was maintained at 70 degrees with regular ventilation.
The rabbits were given food and water ad libitum. The regular rabbit diet
consisted of pelleted rabbit food. However, the rabbits were not fed for 8 hours
immediately prior to surgery. Post surgically, the rabbits were given a soft diet consisting
of fresh vegetables (kale, softened carrots, parsley), fruits (diced apples, prunes) and
dried alphalfa.
Each animal was designated to either the midline or paramedian expansion group.
Group A rabbits underwent a midline corticotomy of the mandible. Group B rabbits
underwent a paramedian corticotomy of the mandible. Each rabbit within a group was
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then numbered in the order that it was sugerized. An expansion device was placed over
the osteotomy site and anchored to either side of the mandibular segments. The
expansion device could be lengthened a specific premeasured amount by turning a key in
the expansion screw.
Distraction Schedule
Each rabbit rested for a four-day latency period after surgery to allow for recovery
and initial healing. At the end of the latency period the distraction period was initiated.
The distraction devices were activated at a rate of 1 mm per day to a maximum of 10
mm. At the end of the distraction period the distraction devices were immobilized for a
30-day retention period. At the end of the 30-day retention period the rabbit was
euthanized.
Distraction Devices
Sixteen LEWA expansion screws (12mm expansion) were used. The tooth borne
midline distractors were built by tack welding two bracketless lower incisor bands
(Rocky Mountain Orthodontics) to either side of the midline of the jackscrew expander
(Figure 1).
Figure 1-Midline distractor with soldered incisor bands
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Figure 2- Paramedian distractor with eyelets for fixation screws
The bands were then soldered to the body of the jackscrew with a hydroflame
(HydroGen). The incisor bands were designed to be cemented to the mandibular incisors
(Figure 3a and 3b).
For the paramedian distractors, 0.045-inch diameter loops were formed at the end
of 0.016x0.022 stainless steel wire segments. Each loop was then sealed with solder to
form a closed eyelet into which the surgical screws could be inserted. Four loop
assemblies were tack welded and soldered to the back of the jackscrew expanders
(Figure2). The two posterior loops were oriented parallel to the long axis of the
expansion screw. The two anterior loops were soldered perpendicular to the long axis of
expansion and bent at a 90 degree angle so that the loops could be screwed in from above
and below the mandibular midline between the incisors (Figures 4a and 4b). The
distractors were anchored to bone with 6mm long fixation screws (KMS Martin).
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Figure 3a- Superior view of rabbit mandible with midline distractor attached to 
mandibular incisors
Figure 3b-Lateral view of rabbit mandible with midline distractor positioned on incisors
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Figure 4a-Superior view of rabbit mandible with paramedian distractor with anterior 
eyelets positioned at the midline.
Figure 4b- Lateral view of rabbit mandible with paramedian distractor in place. 
The posterior eyelets were positioned just anterior to the molars
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As the study progressed, it became necessary to alter the design and construction
of the midline distractors so that they could be rigidly fixed to hard tissue. Similar to the
paramedian distractors, 0.045-inch diameter loops were bent in four segments
0.016x0.022 inch stainless steel wire. The loops were then soldered to the back of the
expansion device. The loops were directed superiorly and inferiorly resulting in a
distractor that resembled a capital “H” (Figure 5). The vertical components were formed
by the wire loops while the expansion screw made up the horizontal segment. This
variation of design allowed for rigid fixation without altering the position or activation
vector of the distractor.
Figure 5- Midline distractor with soldered eyelets for fixation screws
Anesthesia and Surgical Procedure
All surgical procedures were performed under general anesthesia by an initial
intramuscular injection of ketamine 75mg with acepromazine. A follow up dose of
ketamine 50 mg was given to maintain anesthesia. Prior to the surgical incision, 1 cc 2%
lidocaine with epinephrine was administered by infiltration into the mandibular vestibule
for local anesthesia. Following surgery the rabbits were given intramuscular injections of
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Buprinex 0.15 mg once a day for 3 days for pain control. Thereafter, aspirin (750mg) and
sugar were dissolved in their water for pain management.
Midline DO
Nine (9) of the rabbits underwent a midline corticotomy. An incision was placed
horizontally at the anterior mandibular vestibule. The tissue was reflected inferiorly by
blunt dissection. A Stryker saw with sterile saline irrigation was used to perform the
mandibular midline osteotomy. The last fraction of the osteotomy was achieved by
luxation and fracture of the thin cortical plate with an osteotome (Figure 6).
Figure 6- Midline corticotomy fracture with osteotome
While the surgical site was kept dry by suction, the bands of the midline distractor
were prepared and cemented to the lower incisors with Ketac Cem. The mandibular
incisors and bone segments were held together in their original position with finger
pressure while the Ketac cement set. The incision was sutured with 4-0 Viacryl.
Paramedian DO
Six rabbits underwent right side paramedian corticotomy procedures. An incision
was placed horizontally at the anterior mandibular vestibule. The incision was extended
along alveolar ridge on the right side of the mandible. The tissue was reflected
posteriorly to the molars. The mental nerve on the right side was severed. The Stryker
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saw was used to perform the osteotomy 2mm anterior to the mental foramen. The
posterior superior guide hole was placed in the body of the mandible anterior to the
molars. The fixation screw for the posterior superior loop of the paramedian distractor
was placed first to position the distractor. The anterior superior and anterior inferior
guide holes were placed from above and below the mandibular midline between the
incisors. The fixation screws were placed through the anterior loops of the distractor and
tightened. With the anterior fixated, the guide hole for the posterior inferior loop was
drilled and the posterior inferior screw was placed. All screws were tightened to anchor
the distractor firmly to the bone segments. The anterior flap was sutured with 4-0
Viacryl.
Distractor Activation
After a 4-day post surgical recovery and latency period, the distraction devices
were activated one millimeter per day. In order to activate the distractors and take
records, the rabbits were sedated with intramuscular injections of ketamine 75mg.
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Figure 7b- Midline distractor with 5 mm of expansion (d5)
■
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Figure 7c- Midline distractor at 10mm expansion (dlO)
Activation was accomplished by inserting a rigid wire key into the exposed
keyhole in the expander and turning the screw a pre-measured 4.5 times to achieve 1 mm
of expansion. Activation of the midline distractor was achieved extra orally (Figure 7a,
7b, and 7c). The paramedian distractors were activated with minimal retraction of the







Figure 8- Paramedian distraction at 5mm (d5). Note the mandibular midline deviation 
to the left and incisal attrition.
Radiographic Technique
Under sedation with 75mg ketamine, each rabbit was placed in the rabbit head
holder for a submentovertex radiographs. The rabbit’s head was centered and aligned to
fixed markers on the head holder (Figure 9). The X-ray tube was set at a distance of
10.25 inches and set at a 90-degree angle to the film plate. X-rays were exposed at 0.64
seconds on Kodak T-Mat TMG/RA-1 8x10 Lateral Cephalogram film. Radiographic
records were taken prior to surgery, immediately after surgery and after every millimeter
increment of expander activation (Figure 10a and 10b).
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Figure 9-Rabbit head holder with X-ray collimator and film plate
Figure 10a- Submentovertex film of 
midline distraction (d5)
Figure 1 Ob-Submentovertex film of 
paramedian distraction (d5)
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NewTom CT scans were taken at Omm, 1mm, 5mm and 10mm of distraction
(Figure 11a). Rabbits were transported individually in filtered boxes from the Animal
Care Facility to the NewTom CT Scanner in the Loma Linda University Orthodontic
Clinic during non-patient hours.
Under sedation, the rabbits were secured to a backboard with veterinary wrap.
The rabbits were positioned on their backs with their noses at a 90-degree angle to the
horizon. JBecause the Newton is calibrated for the volume of a human head, it was
necessary to build an x-ray attenuation device around the smaller volume of the rabbit
head. Bricks of porous floral foam were saturated with water and wrapped in plastic
sheeting (Figure 11b). The bricks were then assembled into a block simulating the size of
a human head with a tunnel in the middle just large enough for the rabbit’s head to fit
through. The rabbit’s head rested within the foam block cushioned by cotton gauze with
adequate space to allow for regular breathing.
The NewTom Scanner was activated for the 17 second scan. The images were
stored as raw data on Linux image server Suse 7.2™. All primary reconstruction of the
images was done at 0.3mm high resolution. r?
The NewTom Scanner was covered in plastic sheeting to minimize the possibility
of allergen exposure to patients. After each scanning session, the NewTom scanner and
scanner room were vacuumed and wiped down with disinfectant.
Measurement of Radiographs
The submentovertex radiographic films were traced by hand on orthodontic
acetate tracing paper (3M). The tracing utilized landmarks on the maxilla and cranial
base consisting of the posterior width of the occipital bone, the widest portion of the
19
Figure 1 la-Rabbit positioned on backboard for NewTom CT scan
Figure 1 Ib-A rabbit’s head rests between the X-ray attenuating foam blocks.
An additional foam block was placed above the rabbit’s nose to surround the 
rabbit head.
20
zygomatic arches and the bony portion of the snout. These transverse distances were
measured with a millimeter ruler and the three bisecting points were connected to





Figure 12- Tracing Landmarks: A-Saggital Midline (SM); B-Right Mandibular Line
(RML); C-Left Mandibular Line (LML); D-Transverse Line (TL); E-Right 
Mandibular Angle; F-Left Mandibular Angle(LMA); G- Right Posterior 
Point of the Mandible (RPPM); H-Left Posterior Point of the Mandible 
(LPPM).
A transverse line (TL) was drawn through the saggital midline at a 90° angle at
the widest portion of the zygomatic arches. Point (PPM) was marked on the most
posterior and central portion of the ramus of the mandible. Because it superimposes over
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the condyle on the submentovertex film PPM served as the reference point from which
the mandible rotates. The medial border of the mandibular body was traced. A line was
drawn from PPM through the medial border of the mandibular body and labeled as either
the right mandibular line (RML) or left mandibular line (LML). The posterior lateral
angle formed by intersection TL and RML was measured in degrees and labeled as the
right mandibular angle (RMA). Likewise, the posterior lateral angle formed by the
junction of TL and LML was measured and recorded as the left mandibular angle (LMA).
Measurement of NewTom Scans
Primary reconstructions were rendered in 0.3mm thick axial slices for viewing
(Figure 13). From the NewTom reconstructions, the coronal slices of the rabbit skull
were selected for the cut best demonstrating the condylar heads within the fossa
(Figurel4). NewTom software rendered a transverse angled cut to create a distortion-free
panoramic frontal view though the widest portion of the left and right condyles. The
image was then magnified 5x to improve visualization of the joint anatomy. Using the
measuring tool, the superior and medial joint spaces were measured in millimeters
(Figure 15a). The superior joint space was measured from the most superior and centered
point of the condyle to the apex of the joint space. The mesial joint space was measured
from the most mesial point on the condyle to the closest lateral point on the cranium. The
distance between the two condyles was measured by connecting the two vertical lines
that measured the superior joint space (Figure 15b).
22
Figure 13- Lateral view of a reconstructed NewTom scan. The solid line indicates the 
coronal plane where the condyles can be visualized in the fossa.
Figure 14- Coronal slice of the rabbit skull at the level marked in Figure 13. The angled 





Figure 15a-Frontal Panoramic View showing superior joint space measurements (0.4mm, 
0.4mm), central intercondylar distance (34.2mm), median intercondylar 
distance (30.5mm), and medial joint space (0.9mm, and 1.2mm)
Figure 15b- Frontal panoramic view showing superior joint space measurements (upper 
right and upper left), central intercondylar distance (center), and medial joint 
space measurements (lower right and lower left).
24
Statistical Analysis
The data was analyzed using the Excell SPSS software. A regression model was
constructed to demonstrate the relation between the millimeters of distraction and degrees
of right and left condylar rotation. Pearson’s test was performed to indicate the
correlation between each millimeter of distraction and the angle of right and left condylar
rotation. The Mann-Whitney U-Test was used to compare the right rotation angle with
the left rotation angle within the each of the distraction groups. The Mann-Whitney U-






Mandibular midline distraction resulted in consistent and predictable rotation of
the mandibular condyle. Regression models show that RMA and LMA angles increase as
the millimeters of widening increase in the anterior mandible. The pattern is
demonstrated in both the predicted values (line) and the actual measurements (points) of
the mandibular angles in Figure 16.
Distraction Osteogenesis (mm)
Figure 16- Regression model showing the Left Mandibular Angle (LMA) increasing with 
each millimeter of midline distraction. The line indicates predicted values and 
the points represent actual LMA measurements.
The regression model of the Group A LMA yielded: 
Yp 60.25 + 1.26Xi- 0.04Xj2 (R2 = 0.901) [Equation A]
XV
Where Yi = predicted degrees of mandibular rotation
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A
Xp millimeters of distraction















Figure 17-Regression Model showing the increase in Right Mandibular Angle (RMA) 
with each millimeter of distraction.
Equation B was derived from the RMA data:
A
Yp 60.52 + 0.85Xi - 0.03Xi2 (R2 = 0.831) ^ [Equation B]
Equations A and B indicate that the RMA and LMA angles have a direct increase related
to each millimeter of distraction initiated at the mandibular midline.
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The correlation of Group A right versus Group A left angles is illustrated by














60 61 62 63 64 65 66 67 68 69 70
A-Group Left Angle
Figure 18 -Illustrates the directly proportional increase of Right Mandibular Angles and 
Left Mandibular Angles in the Midline Distraction Group.
A
Yp 18.515+ 0.696Xi (R2 = 0.945) [Equation C]
This equation indicates that there is a strong correlation between right and left
mandibular angles during midline widening.
Group B
Figure 19 illustrates the effect of paramedian distraction on Group B condylar
rotation on the left side (opposite side of the distractor).
Equation D consistently predicts the results:
A
Yp 61.13 + 1.52Xi- 0.15Xi= 0.01X3 (R2 = 0.966) [Equation D]
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This equation demonstrates that for every millimeter of distraction, there is a predictable
increase in the degree of left side condylar rotation.
Regression Model
Distraction Osteogenesis (mm)
Figure 19- Regression model showing the increase Left Mandibular Angle (LMA) with 
each millimeter of paramedian distraction.
The RMA of the paramedian distraction does not yield predictable angular
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Figure 20- Right Mandibular Angle (RMA) measured at each millimeter of paramedian 
distraction. Measurements show irregular fluctuations.
Equation E suggests that the right mandibular angle is not predictable based on
the measuring of paramedian distraction.
A
Yi = 60.321 + 0.438Xj- 0.64 Xi2 + O.OOSX2 (R2=0.118)
With each millimeter of distraction the condyle fluctuates between higher and lower
[Equation E]
degree values. In addition, Figure 21a and 21b show that there is no correlation between
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Figure 21b- Composite plot of LMA and RMA values in paramedian distraction
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NewTom Measurements
Superior joint spaces increased over the left and right condyles in three of the six
Group A rabbits that retained their distraction devices (Table 1). Initial Superior Joint
Space measurements were consistently measured between 0.3mm and 0.4mm. For the
rabbits that realized an increase in the superior joint space, the measurements at the end
of distraction ranged between 0.6 mm to 0.9mm. The other three rabbits showed no











Median Joint Space NC NC
Table 1- Change in Group A joint spaces at end of midline distraction. Superior Joint 
Space showed either a slight increase or no change (NC). No changes were 
observed in either left or right Median Joint Space measurements.
In the B group, increases in the right side superior joint space were measured in
three of the six rabbits (Table 2). The right side condyle displacement ranged from







t 0.3-0.6 mmSuperior Joint Space NC
Median Joint Space NCNC
Table 2 - Change in Group B joint spaces at the end of paramedian distraction. Superior 
Joint Space increased only on the right (expanded) side. There was no change 
In the Median Joint Space.
There was no significant increase or decrease in median joint space in either the 
midline or paramedian distraction cases (Tables 1 and 2). The frontal reconstructions of
the widest portion of the elliptical shaped condyles did not show any evidence of
impingement into the median joint space.
No clear pattern of change in intercondylar distance was discovered. Only one
rabbit showed a widening of the intercondylar distance (+1.4mm) after completing 10
millimeters of midline distraction. All other rabbits showed insignificant changes in
intercondylar distance (Table 3). In this model, mandibular midline distraction does not
consistently cause widening of the intercondylar dimension.
Paramedian DOMidline DO
il ,2mm - 2.6mm 
or No Changes
No Changes 
(1 rabbit T 1.4mm)
Intercondylar
Distance
Table 3 - Changes in intercondylar distance. One of the six midline DO rabbits showed 
widening at the end of the distraction period. In the paramedian group, three of 
the six rabbits showed decrease in intercondylar distance. The remaining three 
rabbits in the group showed no changes.
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In the paramedian distraction group, there was an observable decrease of
intercondylar distance in three of the rabbits at the end of distraction. Reduction of
intercondylar distance ranged between 1.2mm to 2.6mm. Three of the Group B rabbits
showed no change in intercondylar distance (Table 3). Constriction of Group B condyles
could not be confirmed by median joint space measurements.
Statistical Analysis
Pearson’s Test found a high correlation of the millimeters of distraction with the
mandibular angles of Group A RMA (.905), Group A LMA (.941), and Group B LMA
(.937). There was also a very high correlation between the ARMA and A LMA (.972).
A low correlation of millimeters of distraction and the BRMA (.176) was noted. There
was low correlation between the BRMA and BLMA as well (Table 4).






Corr (D,BRMA) = 
Corr (D,BLMA) =
Corr (ARMA, ALMA) = 0.972 
Corr (BRMA, BLMA) = 0.341
Table 4- Pearson Correlations (Corr): D=millimeters of distraction, ARMA=Group A 
Right Mandibular Angle, ALMA=Group A Left Mandibular Angle, BRMA= 
Group B Right Mandibular Angle, BLMA= Group B Left Mandibular Angle
The Mann-Whitney U-Test was used to show that the mandibular angles (RMA
and LMA) of Groups A and B were statistically equal at each millimeter of distraction.
This was true for all values except for distraction at 3mm for the right side where the A
value was greater than the B value (Table 5).
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A.dO.RMA = B.dO.RMA (P= 147) 
A.dO.LMA = B.dO.LMA (P=.898) 
A.dl.RMA = B.dl.RMA(P= 329) 
A.dl.LMA = B.dl.LMA (P= 537) 
A.d2.RMA = B.d2.RMA (P= 628) 
A.d2.LMA = B.d2.LMA (P=.534) 
A.d3.RMA > B.d3.RMA (P= 048) 
A.d3.LMA = B.d3.LMA (P=.876) 
A.d4.RMA = B.d4.RMA (P= 202) 
A.d4.LMA = B.d4.LMA (P=.530) 
A.dS.RMA = B.dS.RMA (P= 132) 
A.dS.LMA = B.dS.LMA (P=1.0) 
A.d6.RMA = B.d6.RMA (P= 257) 
A.d6.LMA = B.d6.LMA (P= 352) 
A.d7.RMA = B.d7.RMA (P= 067) 
A.d7.LMA = B.d7.LMA (P=.352) 
A.dS.RMA = B.dS.RMA (P=.571) 
A.dS.LMA = B.dS.LMA (P=1.0) 
A.d9.RMA = B.d9.RMA (P=.143) 
A.d9.LMA = B.d9.LMA (P=.571) 
A.dlO.RMA = B.dlO.RMA (P=.229) 
A.dlO.LMA = B.dlO.LMA (P=.629)
Table 5-Comparison between Group A and Group B same side angles at each 
corresponding millimeter of distraction using Mann-Whitney U-Test at ocf .05
The Mann-Whitney U-test was also used to determine the correlation between the
right and left angels at each millimeter of distraction. For Group A, the right angle of
rotation was equal to the left angle of rotation at each of the units of distraction
throughout the entire distraction range. In Group B, the right angle was equal to the left
angle through 2mm of distraction. From 3 mm of distraction onward the right mandible
showed less rotation than the left mandible (Table 6).
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A.dO.RMA = A.dO.LMA (P=.243) 
A.dl .RMA = A.dl .LMA (P= 548) 
A.d2.RMA = A.d2.LMA (P=l .0) 
A.dS.RMA = A.d3.LMA (P= 620) 
A.d4.RMA = A.d4.LMA (P= 620) 
A.dS.RMA = A.d5.LMA (P= 310) 
A.d6.RMA = A.d6.LMA (P= 343) 
A.dT.RMA = A.dT.LMA (P=.686)
B.dO.RMA = B.dO.LMA (P= 818) 
B.dl.RMA = B.dl.LMA (P= 394) 
B.d2.RMA = B.d2.LmA (P=.589) 
B.d3.RmA < B.d3.LMA (P= 032) 
B.d4.RmA < B.d4.LmA (P=.032) 
B.dS.RmA < B.dS.LMA (P=.002) 
B.d6.RMA < B.d6.LMA (P=.004) 
B.dT.RmA < B.dT.LMA (P= 002) 
B.dS.RMA < B.d8.LMA (P=.032) 
B.d9.RmA < B.d9.LMA (P= 008) 
B.dlO.RmA < B.dlO.LMA (P=.029)
Table 6- Comparison of right and left mandibular angles within a distraction group at 
each corresponding millimeter of distraction using Mann-Whitney U -Test at a=0.5
In order to test the reproducibility of the measurements, a Interclass Correlation
Coefficient(ICC) test was performed on the data. The ICC statistical standard rates
reproducibility and reliability of data collection. ICC values of 0%-40% are classified as
marginal in their reproducibility and reliability. ICC values in excess of 40% are
considered fairly good. ICC values in excess of 90% are considered very good. The
majority of measurements in this study were fairly good in their reliability and
reproducibility.
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AdORS = 51% 
AdOLS =6% 
AdOC =90% 
AdORM = 0% 
AdOLM = 43%
Table 7- Interclass Correlation Coefficient Values for Group A joint space measurements
Theoretical Rotations
A predictive model was designed to forecast the amount of condylar rotation in an
expanding mandible. Pre-surgical acetate tracings of each rabbit jaw were cut at the
osteotomy sites. The condyles were fixated with at pin at the center of the condyle. The
two halves of the tracing were then rotated apart in one millimeter increments and the
resultant change in mandibular angle was measured and recorded (Figure 22a). The
results from the theoretical model were used to formulate an equation to predict the
degree of condylar rotation with each millimeter of expansion.
<4 4
Figure 22a - Model of Theoretical Rotations in Midline DO.
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The theoretical model for the Group A indicated a high degree of predictability
for both the right and left mandibular angles. A plot of theoretical values comparing
mandibular angles to the millimeters of distraction reveal a virtually linear relationship.
(Figure 22b, 22c) There is a close correlation between the theoretical model and the















Figure 22b - Plot of the theoretical model showing the amount of rotation that the right 
mandible undergoes with each millimeter of widening at the midline.
Equations F and G were formulated to show the angular change of the right and
left mandibles, respectively, that would result from each increment of midline mandibular
A
widening. Yj is the predicted degree of rotation and Xi is the millimeters of widening.
A
Yi = 62.0864 + 0.5624Xi (R - 0.999) [Equation F] 
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Figure 22c- Plot of the theoretical model showing the amount of rotation that the left 
mandible undergoes with each millimeter of midline widening.
The plot of the theoretical model indicates a linear relationship between the left
mandibular angle and the amount of midline widening. Both the left and right
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Figure 22.d- Superimposed plot of the theoretical left and right mandibular angle 
measurements with each millimeter of midline distraction.
The theoretical model of unilateral expansions yielded unpredictable results. The
off center osteotomy set up an anterior-posterior vector of force as well as different
centers of rotation on the right and left sections of the mandible. In addition, the
theoretical model could not accurately estimate the anatomical and physiological
influences that are present in an in vivo model. Theoretical modeling of paramedian
distraction suggests these possibilities:
1. Posterior displacement of the right condyle with simultaneous anterior
displacement of the left condyle. (Figure 23a)
2. Limited rotation of both condyles in the same direction (right or left).
Direction of rotation may alternate between activations. (Figure 23b)
40
3. Distortion of the plane of expansion due to flex in the expander or loosening
of the fixation screws. (Figure 23c)
4. Combination of any of the above factors
Figure 23a- Theoretical model showing the condylar displacement as a result of 
anterior-posterior expansion of the anterior mandible.
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Figure 23b- Theoretical model showing the same side rotation of the mandible as 
a result of unilateral expansion.




Surgical Outcome and Recovery
All rabbits tolerated and recovered from surgery well. Within 12 hours of surgery,
each rabbit was awake, alert and increasingly active. Two to three days after surgery, the
rabbits had begun to eat and drink minimally. Food and water intake improved
progressively though the 10-day distraction period.
The rabbits were monitored daily for weight loss and dehydration. An average
loss of 0.1 kg per day was noted during the distraction period. Weight loss was attributed
to the decreased caloric value and fiber content of the soft diet. In addition, regular
masticatory function was altered by daily expander activations. The changes in the
occlusal relationships probably contributed to a decrease in the quantity of food
consumed. The rabbits were maintained on a soft diet as long as they had a distractor in
place. If a distractor was lost, the rabbit was placed back on the pelleted diet. Food
consumption and body weight both increased when the rabbits were fed the pelleted diet.
Group A Midline Distraction #
Despite reduction of the maxillary incisors at the time of surgery, the first two
rabbits (A1 and A2) with midline corticotomies were able to permanently dislodge their 
midline distraction devices on the 7th day of the latency period. Rabbit A1 had a failure
of the cement bonding between the device and the tooth. Rabbit A2 broke a band off of
the distractor. It was determined that the seven day latency period allowed the rabbits
excessive time to adapt to the devices.
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The latency period was reduced to 4 days, which still allowed for adequate
surgical recovery but limited the opportunities for incisal grinding. By shortening the
latency period, the expansion devices showed a marked improvement in durability.
The next two midline distracted rabbits (A3 and A4) maintained their distractors 
in place through the 5th millimeter of distraction. Rabbits A5, A6, and A7 reached the
full distraction length of 10 mm after 10 days.
The distraction period was followed by a 4-week retention period. A5, A6, and
A7 broke off their distractors during the retention period. The loss of distractors was
followed by a significant relapse of the expanded mandible.
Due to the high rate of midline expander breakage, the midline distraction devices
were redesigned for the last two subjects. The surgical procedure remained unchanged
but the distraction devices were rigidly fixed with screws into the mandibular cortical
plate and mandibular incisors. Rabbit A8 successfully retained his distraction device
throughout the distraction and retention periods. Rabbit A9’s distractor failed after 3
days due to a broken superior loop and loose inferior screw on the right side.
Rabbit A8 successfully reached the end of activation and retention. Towards the
end of activation, the screw had to be turned with great force. The expander for rabbit A8
was activated to 7 mm before it was judged that the force required to continue turning the
screw would likely break the bone or bone-screw junction. A8 was the only rabbit to have
it’s corticotomy performed completely with a chisel instead of a Stryker saw.
Group B Paramedian Distraction
Two of the six rabbits with paramedian distractors experienced mechanical
dislodging of their devices near the end of the distraction schedule. Dislodging Occurred
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in the anterior screws which were anchored into the highly trabecular bone of the
mandibular midline. In each of the B group rabbits, at least seven millimeters of
paramedian distraction was accomplished before the loosening of the distraction device
became evident. As the right side of the mandible was lengthened unilaterally, the
mandibular midline shifted to the left. It was noted that the B group rabbits would
audibly brux their teeth after their distractors were activated. The B group rabbits
adapted well to the gradual distraction and returned to regular eating and drinking.
Rotation Analysis
The Group A midline distracted rabbits showed a consistent pattern of mandibular
rotation. Each millimeter of midline distraction yielded a predictable increase in the
angle of the mandible to the transverse line (Figure 16 and 17). Furthermore, the amount
of rotation on the right increased at the same rate as the rotation on the left. (Figure 18)
Although the rate of rotation was the same in right and left sides, there was a
variance in the amount between the two sides. With the distractor positioned in the
midline, the amount of mandibular rotation on either side would be expected to be equal
and coincident. The variation between the two sides may be du^discrepancies in
distractor positioning, head positioning during radiographs or measurement errors.
In the Group B rabbits showed a less consistent results. Although the left side
rotation was predictable (Figure 19), the right side showed alternating high and low
values (Figure 20). Furthermore, there was no correlation between the right and left sides
in the B group.
The fluctuation of the right side angle may be attributed to a number of factors.
First, the anatomy of the rabbit mandible mandated that a paramedian distractor be placed
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with a more anterior-posterior vector. As a result, the shorter segment right mandible
received a predominantly posteriorly directed force while the longer left segment was
allowed greater freedom to rotate laterally. With a posteriorly directed vector, the
condyle may have rotated laterally with each activation but relapsed to a physiologically
functional position between activations.
Second, there was trauma to the right mandible that may have altered
neurofunetional and myofunctional patterns. The mental nerve was severed on the right
side leading to compromised sensation and muscle control in the right mandible.
Furthermore, bruxing noted in the B group rabbits may have contributed to the
fluctuation of position of the right condyle due to unbalanced muscle tension.
Third, there may have been some flexion or loosening of the device in the process
of distraction. The paramedian device was positioned intraorally with tissue covering
over the fixation screws. Unlike the midline distraction devices, the fixation screws
could not be visually inspected at each activation interval. Any loosening of the
distraction device could not be detected until separation of a loop and screw appeared
radiographically. A loosened device may have contributed to fluctuation in the right
mandibular angle.
Joint Space and Intercondylar Distance
In the evaluation of superior joint space, some of the Group A rabbits showed an
increase of space above the condyles. This suggests that forces involved in midline
distraction are significant enough to cause left and right condyles to be displaced
inferiorly as they rotate.
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In contrast, paramedian distraction yielded an increase of superior joint space only
on the expansion (right) side of the mandible. The magnitude of displacement was
similar to that observed in the midline distraction group. It appears that the anterior
posterior vector of distraction had a more direct effect on right side condylar
displacement. Stable measurements on the left side may be attributed to the dissipation
of forces over a larger radius of rotation.
This study found no changes in median joint space throughout the process of
mandibular midline or paramedian distraction. This finding does not preclude condylar
positional changes from causing soft tissue changes.
Only one Group A rabbit demonstrated a increase of intercondylar distance with
the increase in anterior mandibular width. All other midline DO rabbits showed no
significant changes in intercondylar distance. Midline distraction in rabbits does not
appear to consistently cause changes to the intercondylar dimension.
Three of the Group B rabbits experienced a decrease in intercondylar space. This
may be the result of a combination of the factor including distalization of the right
condyle, rotation of the condyles and bending of the plane of distraction. Although fairly
significant decreases in the intercondylar dimension were noted, they were not
accompanied by reduced median joint space measurements.
Despite the high-resolution computer reconstructions, the small size and low
density of the rabbit condyles limits the most accurate visualization and measurement of
joint space and intercondylar distance. Furthermore, definitive conclusions cannot be
drawn from such a small sample size although observations can be made as to how the
condyles react to midline and paramedian distraction. Overall, little or no change was
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1. There is a consistent and predictable degree of condylar rotation with each
millimeter of midline distraction. The rate and amount of rotation in the left and
right condyles is proportional.
2. Rotation of the contralateral condyle during paramedian distraction increases
predictably and consistently. However, the ipsilateral condyle shows irregular
fluctuations in rotational angles.
3. In rabbits that undergo paramedian distraction, the contralateral condyle rotates
more than the ipsilateral condyle after 3mm of distraction.
4. Condyles are displaced inferiorly as the result of mandibular distraction. Superior
joint spaces increased over left and right condyles in midline-distracted rabbits. In
paramedian distracted rabbits, only the expanded right side showed an increase in
superior joint space.
5. In this study the rotating condyles did not impinge on the medial walls of the
fossa. Median joint spaces were maintained throughout the distraction process.
6. Theoretical models show predictable and consistent rotations in midline
expansion. However, paramedian expansion may cause condylar
displacement, limited same-side rotations of the condyles and/or disjunction in




At the conclusion of the distraction schedule, each rabbit was injected with 50
milligrams of tetracycline over 2 days to serve as a bone marker. After the 30-day
retention period, the rabbits were injected again with 50 mg of tetracycline over 2
days. The administration of the bone marker is designed to show layers of
remodeling under fluorescence.
Additional research should involve the evaluation of anatomical and histological
changes in the condyle and the distraction sites. Examination of the condyles and the
comparison of the soft and hard tissue changes should aid in clarifying some of the
risk factors involved in mandibular distraction osteogenesis.
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